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/ Refraction - water waves... \

Refraction — change in the direction of wave propagation at a
boundary. |

iy

Waves, as they enter shallow water, slow down.

Waves in shallow water refract (change direction) at the
kinterface between the different water depth /
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/ Refraction of Light - 1 \

When a ray of light traveling through a transparent medium encounters

a boundary leading into another medium, part of the ray 1s retlected and
part of the ray enters the second medium

The ray that enters the second medium 1s bent at the boundary
This bending of the ray 1s called refmctzon
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>

Following the Reflected and Refracted Rays

~

Ray @ is the incident ray

Ray @ is the reflected ray

Ray @ is refracted into the lucite

Ray @ is internally reflected in the lucite

Ray ® is refracted as it enters the air from the lucite

2- Refraction
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s Refraction of Light - 2 }
Incident Normal Reflecte
ray | ray
The incident ray, the reflected :
ray, the refracted ray, and the A |
normal all lie in the same p | 0}
plane ;:—\
Air : U1
The angle of refraction, 6,, Glass | Uy
depends on the properties of —
the two media (the speeds 102
of light in them), v, , = ¢/n;, | B
|
|

Refracted
w
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>

Refraction Law (Snell Law) \

r—

The angle of refraction depends upon Incident Normal Reflected
the two materials and the angle of ray : ray
incidence |
. AN ;
: = —= = constant o, 1 !
|
sinb, n, N
: |
The path of the light through the Air | U1
refracting surface is reversible Glass | G
Refraction occurs because the speeds :_«
of light, v; and v,, are different in the | 92\
two media B
The index of refraction, n, of a
medium can be defined , _ Refracted
speed of light in vacuum C ray
n= =—
k speed of light in the medium v /
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/ Refraction Law and Speeds (of light) \

In terms of speeds the law of II]C;;l;nt Nor:mal Re{lg;tec
refraction becomes: \ :
A |
sind, n, c¢/v, Vv/c Vv g
1L _ 2 2 _ 'Y _ Vi 0, 6
sin, n, c/v, vVv,/c V, P
Ailr l U
Glass | )
I
Snell’s law of refraction is written :92\
in a form symmetric to the B

incident and re , : : Refracted
C n,sind, =n,sino, ray

/
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/ Frequency and wavelength at refraction \

As light travels from one medium to > o =
another, /25 frequency does not change Y1
Both the wave speed and the I 1
wavelength do change A .

The wavetronts do not pile up, nor are
created or destroyed at the boundary, L

so f must stay the same 23 i " /> L
2
p
N

Vi_ V2
]q_fZ ﬂ'l 22 @zé
/1] B V1 B C/n1 n2 So we see that:

kZ_z—Vz c/n, n A = Bl :F’?M—z/
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/ Table of Refraction Index \

For a vacuum, n = 1

m Indices of Refraction for Various Substances, Measured
with Light of Vacuum Wavelength Ay = 589 nm

Index of Index of

Substance Refraction Substance Refraction
Solids at 20°C Liquids at 20°C
Diamond (C) 2.419 Benzene 1.501
Fluorite (CakFs) 1.434 Carbon disulfide 1.628
Fused quartz (S10y) 1.458 Carbon tetrachloride 1.461
Glass, crown 1.52 Ethyl alcohol 1.561
Glass, flint 1.66 Glycerine 1.473
Ice (HoO) (at 0°C) 1.309 Water 1.833
Polystyrene 1.49
Sodium chloride (NaCl) 1.544 Gases at 0°C, 1 atm

\ Zircon 1.923 Air 1.000 293

Carbon dioxide 1.000 45
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Example of Snell’s Law

~

\_

What is the maximum 6, for which the beam
will emerge through the bottom of the glass

cylinder?

(nlsiné)1 =n,sinb,, n =1, n,
sin 0, = M2 y)5=0447
J(m/2F + 1
sin 0, = n,,,, sin @, =1.52x0.447 = 0.68

0, =sin ™' 0.68 = 42.80°

-1.52)

/
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>

Refraction of Light - 3

~

Incident Normal Reflected

ray : ray

| r
o) ¢

Air { ) Oversimplified view

Glass | Uo
|2
2 \\\\\ N
|
B e R ! .

ray | '
k Laser beam Point source /
___
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>

Refraction of Light - 4 \

\_

When light refracts into a material,
where the index of refraction is
higher, the angle of refraction is less
than the angle of incidence

The ray bends toward the normal

Normal
|
|
|
0> 0,
|
0, :
a
Air I
Glass

|
I
I
|2
|
I
I

When light refracts into a material,
where the index of refraction is
lower, the angle of refraction is greater
than the angle of incidence

The ray bends away from the

normal
Normal
|
|
|
: 0, < 09
|
0,
S
Glass I
Air
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>

A light beam through a slab of glass: \

. n
sin @, =—-sin 6,
L)

0, =

n

O3l

\/

A light beam incident on a’ \
transparent slab emerges with its
original direction, but is displaced

t
kfrom its original path

. n
sin 8, =—=sin 6,
n

2

. n, n, .
sin g, = —=—-sin 6,
n n,

0, =06
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- Light and Diamond N\

Diamond has a refractive index of n=2.42. For light with a

wavelength of A= 589nm find the (a) frequency, (b) light speed,
and (c) wavelength in diamond.

The frequency is continuous across the boundary!

@f =EFf =cAd=3%10%5R9 X 107> = 5.1 x 10" Hz

(b) Vv — ¢/n

(3 x 10%m/sec)/2.42 = 1.24 x 10%m/sec

) A' = v/f=clfn = A/n = 589nm/2.42 = 243nm

\_ /
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K Color of the Sun from under water. \

The Sun looks yellow, since its radiation intensity has a maximum
at A = 550 nm, which is yellow light.

Wavelength of this yellow light in water willbe A’ = A/mn_ .. =
A/1.33 = 413 nm, which corresponds to violet light.

Is the Sun going to look violet from under water?

Of course not! The only thing that matters
is the wavelength inside your eye, which
is defined by 7 of your vitreous humor.

k feye — fair ﬂ“eye — ﬂ“air o
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Example of Refraction Law \

Refraction

FIGURE 35-11 How do the refractive
indices compare?

n,>n, >n, /

2- Refraction
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/ Another Example of Refraction Law \

A material has an index of refraction that increases continuously from top to
bottom. Of the three paths shown in the figure below, which path will be the
path of a light ray as it goes through the material?

N NI N

(a) (b) (c)
(b). When light goes from one material into one having a higher index of refraction,

it refracts toward the normal line of the boundary between the two materials. If, as
Qe light travels through the new material, the index of refraction continues to /

increase, the light ray will refract more and more toward the normal line.

2- Refraction
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/ Reflection and refraction: diamonds \

For a light beam incident upon a boundary between two
transparent media at 90°:

/ Inten51ty of reflected beam (n -1n,)’

r

I, Intensity of incident beam (n1 +n,)’

l
Glass — n,= 1.5, - =0.04

Diamond — #, = 2.4, 4 =0.17
[

What happens if the light is n(;tlcoming at
\ the angle of 90°?

2- Refraction
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/ Intensity of Reflected Beam \

What happens if the light is not coming at the angle of 90°?

The light coming at 90° corresponds to the angle of incidence 0 = 0.

As a rule, at greater angles of incidence more light gets reflected.

Look at your watch glass at a grazing angle! It will act as a pretty
good mirror!

Is there any dependence on polarization of light?

\_ /
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Antireflection c

oatin

An
An=n, —n,
Total intensity of light reflected from all 3 interfaces
L, A3 1 (An)’
r (0, +n,)" (0, +n,)’

By using multiple interfaces we can significantly reduce reflections —

antireflection coatings.

2- Refraction
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>

\_

Strange Refraction

~

When light refracts into a material, where
the index of refraction is lower, the angle
of refraction is greater than the angle of
incidence
The ray bends away from the normal

Normal
|
|
|
: 0, < 0
|
91:
Gl
Glass '
Air
-
0

Snell’s law of refraction :

n smo, =n,sinb,

We have nl > n2
What if 0, is so large that also
n sin@ >n,

That we always have

n smb, >n,sno,

>

/
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s Critical Angle N\

A particular angle of incidence Normal
will result 1in an angle of refraction

of 90°

This angle of incidence is
called the critical angle

I
I
I
I
?22 !
nj

. ¥l ¢
sitnf@, = ﬁ, ny > N2

For angles of incidence greater than the critical angle, the beam is
entirely reflected at the boundary

0,
I

This ray obeys the Law of Reflection at the boundary

Total internal reflection occurs only when light attempts to move
from a medium of higher index of refraction to a medium of lower

k index of refraction

2- Refraction
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/ Fish Wa}ch \

The fish sees the entite world above surface in a cone of half angle ..
Looking beyond this cone, it sees ... ??

sinf, = 1/1.333 =75 - 0, =.848rad = 48.6°

And what does the fish see beyond the cone??

R(ﬂections back into the water, other creatures of the deep. /

2- Refraction
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e Critical Angles N\

:
|
pee -

N
n 2
sinf), =—= forn, >n, ™ :
n, / | !
I
] n, | . _1
Glass and air: —= = —— Qc = S1n (2/3) — 40°
n, 1.5
Water and air: 2 — I QC —qin”! (()75) — 49°
n, 1.33
Air and CRE 9, = 88.8°
r and vacuum: = = 890.
\** n,  1.00022 C /
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/ Hot and Cold Air \

Critical angle - an angle of incidence which result in an angle of refraction

of 90°

Cold air and hot air with 10% lower index of refraction

m_ 1.0002 90 — 89 . 6° Itis still 0.4° from the surface!

n, 1.00022

2- Refraction
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Optical Illusions

Increasing n

Actual light path

Apparent light path
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Prisms as excellent reflectors

2- Refraction



PHY 204 (Smaldone - Sassi) Feb 08

/ Optical Fibers \

Total internal reflection at the boundaries nf > n cladding
between the core and cladding. SING,
I, ket eore

‘ — | Cladding 96 =90° - ¢2

0, N_" Core Sin ¢2 = sin ¢1 /n core

b9

of!

At high angles on incidence (grazing angles) only small differences of
\Zldices of refraction between the core and cladding are needed. Thy
re made of two different kinds of glass.

2- Refraction
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/ Dispersion \

The index of refraction in anything excep _ _

a vacuum depends on the wavelength of |
the light 154

This dependence of 7 on A is called

dispersion 1.52 i {ng]a;
The index of refraction for a material ‘ |

usually decreases with increasing
wavelength 0 NN e
The angle of refraction when light enters : — |

material depends on the wavelength of thd.48 —
light -

Fused quartz
o . o 1.46 — \
Violet light refracts more than red light
when passing from air into a material oo

400 500 600 700
k A, nm /
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/ Prism Dispersion \
im =

< 54 |

Visible light Acrylic

_W

400 500 600 700

Angular
dispersion

© 2003 Thomson - Brooks Cole SCI‘GCD 4. B
: ]

\_ /
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K Prism Spectrometer

A prism spectrometer uses a
prism to cause the wavelengths
to separate

The instrument is commonly

Telescope

used to study wavelengths
emitted by a light source

White
light

Increasing
\:'avelength

\_
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/ Examples of Spectra \

Spectra of emission and absorption; line spectra and continuous

SpeCtra. oo
A(nm) 400

o0 GO0 T00

Hg

(b)

A{nm) T I -
Kuml’l 500 GO0 700 /
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/ Using Spectra to Identify Gases

All hot, low pressure gases emit
their own characteristic spectra

The particular wavelengths
emitted by a gas serve as
“fingerprints” of that gas

Some uses of spectral analysis
Identification of molecules

Identification of elements in
distant stars

Identification of minerals

\_

Star A

| ‘- |

Slar B

[T T IO I]

I.Illlllllli'llllll‘|I|IIII||||I|||||[L-|

7500 F000 8500 6000 SE00 S000 450D 4000 A

MERCURY

STRONTIUM

CALCILIM

S0DIUM

HELILIM

HYDROGEN

IIIIIII.III||IIIII|I‘||I||III|||I||I|I||

FEOO FOOO A500 6000 S50 S000 4500 4000 A

_~
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/ Refraction in a Prism \

What is the difference in the directions of
the two beams, red and blue?

There is obviously no refraction at the left
(entrance) interface, because the angle on
incidence is 0.

n,sin@, =n,sind,

Mg = 1.538 700 nm . .

Mo, =1.516 400nm  Always satisfied if 6, =6, =0

Right interfacel— angle of incidence is & = 40°.
Angles of refraction:

0.,, =sin" (n,,,sin40°) =sin"'(1.516-0.642) = 77.02°
0,,, =sin"' (n,,, sin40°) =sin"'(1.538-0.642) = 81.34°

k 0100 = Orpp = 4-32° /

2- Refraction




